The capability of lichens to accumulate different airborne chemical elements, including heavy metals, is a
U se of the term bioindicator is related to the response a fluorescence (iii), net photosynthetic (NP) rate (iv), of organisms to different levels of pollution. It and spectral reflectance response (v). refers to the capability of the organism to indicate the The present study investigated the accumulation of presence and amount of atmospheric pollutants (Sloof airborne elements in thalli of the epiphytic fruticose et al., 1988; Nimis et al., 1993) . Bioindicators may be (shrub-like) lichen, Ramalina lacera (With.) J.R. Laund., categorized into three main groups: (i) a scale of indicawhich abounds in Israel. This accumulation was brought tor species noting the presence of each species, (ii) true about by transplantation in a study area with different indicators-individual species exhibiting damage prolevels of air pollution, thus establishing a biomonitorportional to dose, and (iii) accumulators of potentially ing network. toxic materials (Grodziń ski and Yorks, 1981) .
An effective method to estimate the effect of air polluBioindicators and bioaccumulators that provide quantion on lichens is the determination of the integrity of titative information on levels of pollution and allow the the photobiont chlorophyll. Ronen and Galun (1984) identification of change in pollution in the course of extracted photosynthetic pigments by immersion of litime are defined as biomonitors (Manning and Feder, chen thalli in dimethyl sulfoxide (DMSO). They sug-1980; Martin and Coughtrey, 1982; Sloof et al., 1988;  gested that the ratio of optical density at wavelengths Nimis et al., 1993) . Sloof et al. (1988) specified 11 criteria of 435 nm and 415 nm is a reliable parameter for an to be met by monitors of metals, of which the following estimation of chlorophyll degradation. The advantages are of primary importance: (i) abundant occurrence in of DMSO as a solvent for the extraction of photosynthe area of interest, independent of local conditions; (ii) thetic lichen pigments are that the extraction is simple, availability for sampling at all seasons; (iii) tolerance of rapid, and complete, and that the extract is easily stored pollutants at relevant levels; and (iv) known response in the cold without degradation. to monitored quantity.
The measurement of modulated chlorophyll a fluorescence is a noninvasive method to analyze photosynthetic parameters in lichens (e.g., Lange et al., 1989 ; Hovenden the pulse amplitude methodology (PAM) to measure able method to assess the vitality of a lichen biomonitor in an area with different levels of pollution. chlorophyll fluorescence and monitor the status of Photosystem II (PSII) . METHODS The effect of pollutants on the photosynthetic rate was studied extensively and related mainly to the effect Study Area, Lichen Sampling, and Transplanting of gaseous SO 2 , other gases (e.g., Fields, 1988; The study was conducted in the Haifa Bay and the Mount Hyvä rinen et al., 1993; Gries, 1996) , Carmel region, northwest Israel. Mount Carmel rises at the and different metals (Puckett, 1976; Beckett and Brown, edge of the Haifa Bay (Fig. 1) . This mountainous area is 1983) under controlled conditions. Comparative analycovered for a large part by Mediterranean forests, nature ses of elemental content and rate of photosynthesis of reserves, and recreation areas. The Haifa Bay industrial area lichens under field conditions were performed to a that centers the greater part of the heavy industry of the country was chosen as its potential effect threatened the northlesser extent. 1998 . This area is affirmed to be "clean" with respect to air pollution . About 500 lichen-carrying twigs tion component, based on its typical spectral reflectance, of carob trees, 30 to 60 cm long, were pruned at 3 to 4 m above which is apparent for the greater part in the red ground and transferred immediately to 19 sites in the Haifa (600-700 nm) and near infrared (NIR) (700-1100 nm)
Bay-Mount Carmel region. Climatic conditions throughout the bands of the electromagnetic spectrum (Tucker, 1979;  study area are very similar (Table 1) . A description of these Sellers, 1985) . sites is given in Fig. 1 . The lichen-covered twigs were susVegetation indices were confirmed to correlate with pended by polyvinyl chloride (PVC) cords 2 to 3 m above other parameters of vegetation such as green biomass ground level on local trees. Concurrently, some of the twigs (Tucker, 1979) , chlorophyll concentration (Buschmann were retransferred to the original carob trees in HaZorea (Site 9) as controls. At the end of the exposure period, in November and Nagel, 1993; Peñ uelas and Filella, 1998) , leaf area 1998, the lichen material was retrieved and transported to index (Asrar et al., 1984) , foliar loss and damage (Vogelthe laboratory. mann, 1990), photosynthetic activity (Sellers, 1985) , and carbon fluxes (Tucker et al., 1986) . Indices were found Determination of Elemental Content of Lichen Thalli to be applicable to different image analyses such as crop The thalli were detached from the twigs and rinsed immediclassification (Ehrlich and Lambin, 1996) and green covately for 15 s with double distilled water, at a temperature of erage (Elvidge and Chen, 1995) . Indices are also suitable 20ЊC, to eliminate dust, leaf debris, insects, etc. The rinsing for analyses of change vectors in multitemporal space procedure was repeated three times for 5 s in order to minimize applied to multitemporal local area imagery obtained the loss of water-soluble elements (i.e., K, Mg [Buck and by the Advanced Very High Resolution Radiometer Brown, 1979] , and Na) known to occur upon the rinsing of (AVHRR) (Lambin and Strahler, 1994 
Measurement of Chlorophyll Content
Five air-dried samples from each of the sites were ground to produce subsamples of 0.1 g. The total chlorophyll (a ϩ b ) content was determined according to Moran (1982) using 15 mL of dimethyl sulfoxide (DMSO; Merck, analytical grade) as an extraction solvent (Ronen and Galun, 1984) .
Analysis of the Integrity of the Photobiont Chlorophyll
Samples of 20 mg were used to measure the integrity of the photobiont chlorophyll. The chlorophyll was extracted overnight in the dark in 3 mL of DMSO, and the ratio of chlorophyll a to phaeophytin a (OD435 nm/OD415 nm) was determined according to Ronen and Galun (1984) by means of a Novaspec II spectrophotometer (Pharmacia LKB, Biochrom Ltd., Cambridge, UK).
Measurement of Chlorophyll Fluorescence
Based on a time series of measurements, thalli were immersed in distilled water for five min to revive full photosynthetic activity. Before measurement the thalli were darkadapted for 10 min by means of "dark leaf" clips. The potential quantum yield of PSII was measured using a pulse amplitude modulated fluorometer (Diving PAM, Walz, Effeltrich, Germany). The results were expressed as an F v to F m ratio. of "stress" on the photosynthetic apparatus (Schreiber and Bilger, 1993) .
Site
Site name Remarks no. Air-dried thalli, 6 g for each site, were wetted in 100 mL and 20 cm length sealed at two ends with rubber stoppers.
Measurement of the Net Photosynthetic Rate

material)
Light was supplied by a high-pressure Na vapor lamp situated The spectral chracteristics of the lichen were measured digiobservation point tally in the laboratory by a Li-Cor LI 1800 field spectrometer.
HaRakafoth recreation area on the Carmel Mountain (rural)
All laboratory measurements were performed under constant The values of chlorophyll content, photosynthetic The potential quantum yield of PSII in terms of fluo- 
Physiological Status of the Photobiont
rescence ratio F v /F m (
Content of the Thallus
site (Site 9) and in most of the biomonitoring sites. Table 7 shows that chlorophyll content correlated Table 6 shows that the NDVI values for lichens from inversely with Ba content. The photosynthetic rate corSites 19 and 20 on Mount Carmel were higher than for related with chlorophyll content, NDVI, and K, and lichens from most of the other sites, and much higher correlated inversely with amounts of Ba, Cu, Ni, V, than for lichens from Sites 6 through 8 in the Haifa Bay.
and Zn. The NDVI correlated with K and correlated Table 6 shows, in addition, that the ratio OD435 nm/ inversely with Ba, Cr, Cu, and Ni. The K content of the OD415 nm was much higher for thalli from most of the sites than for thalli from Sites 6 and 7 in the Haifa Bay.
lichen correlated inversely with the Ni content. Signifi- part of the metals.
Analysis of variance
For a comparative analysis of the sensitivity of meth-F ratio 145.48 69.78 F probability 0.00 0.00 odologies applied to assess the vitality of R. lacera, we listed the number of sites in which each of the physiological parameters exhibited a significant deviation from expressing the potential quantum yield of photosynthesis exhibited a deviation from the "normal" status in two the "normal" status. For this purpose we counted the values not followed by the letter a according to either sites only (6 and 7 and 6 and 8, respectively). Chlorophyll (a ϩ b) content exhibited a significant deviation in eight SNK or Tukey tests. Both the OD435 nm/OD415 nm ratio expressing chlorophyll integrity and the F v /F m ratio sites (3, 6, 8, 10, 13, 15, 16, 17) . The net CO 2 fixation rate in the lichen. The effect of heavy metal accumulation on the leakage of K is documented by Puckett (1976) , per milligram chlorophyll (Pchl) exhibited a significant Burton et al. (1981) , Brown and Buck (1985) , and Tarhadeviation in 13 sites (1, 3, 5, 6, 8, 9, 11, 12, 13, 14, 15, nen et al. (1996, 1999) . Yet, to the best of our knowledge, 16, 20). The net CO 2 fixation rate per gram dry weight no data are available on the effect of Ba and V salts (Pw) exhibited a significant deviation in 15 sites (1, 2, with reference to injury caused to cell membranes and 3, 6, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20) , whereas the leakage of K. NDVI exhibited a significant deviation in 18 sites (all As to the physiological parameters related exclusively sites except 18 and 19).
to the photobiont cells in R. lacera, we should point to the high values for the OD435 nm/OD415 nm ratio
DISCUSSION
obtained for resuspended thalli in HaZorea, indicating that the air quality prevailing in this site did not affect The present study, which applied the lichen Ramalina the photobiont chlorophyll. The present findings are lacera as a bioindicator of airborne chemical elements in accordance with high OD435 nm/OD415 nm ratios on a regional scale, differentiated among sites with referpreviously obtained for R. lacera in HaZorea (Ronen ence to both elemental content and physiological status.
and Galun, 1984; Kardish et al., 1987 ). The present study The level of some of the heavy metals accumulated in shows that the exposure of R. lacera in all sites of the R. lacera transplanted in the Haifa Bay is comparable Mount Carmel Park did not cause a significant decrease with the levels mentioned in previous works dealing of the OD435 nm/OD415 nm ratio. On the other hand, with lichens and pollutants in industrial areas that inthe low ratios for OD435 nm/OD415 nm in Sites 6 and clude power plants and/or oil refineries in the Haifa Bay are in accordance with data relating merfeld, 1981; Nimis et al., 1990 Nimis et al., , 1993 to the disintegration of the photobiont chlorophyll in Pignata, 1994; Juichang et al., 1995; Haapala et al., 1996;  lichens exposed to pollutants under field conditions Garty et al., 1997a-d) . (Boonpragob and Nash, 1991 ; Gonzá lez and Pignata, The elevated amounts of Cr, Cu, Fe, Mn, Ni, and Zn 1994; Levin and Pignata, 1995; Gonzá lez et al., 1996) . in lichens at Sites 4, 6, and 7 in the Haifa Bay industrial
The inverse correlation between OD435 nm/OD415 nm area and the correlation of Mn and Ni, Mn and V, Ni ratio and heavy metal content, observed in the present and V, Fe and Mn, Fe and V, and Fe and Zn, point for study, is in accordance with previous studies showing a the greater part to metal processing in the steel smelter.
chlorophyll degradation upon exposure of lichens to These metals are well-known pollutants acknowledged heavy metal solutions under laboratory conditions (Pucto be emitted by nickel smelters (Nieboer et al., 1972 (Nieboer et al., ), kett, 1976 Garty et al., 1992; Chettri et al., 1998) . steelworks, and iron foundries (Gailey and Lloyd, 1983;  The effect of heavy metals on changes in the potential Gailey et al., 1985) . quantum yield of photosynthesis under laboratory conThe elevated content of Pb in Site 7 is traceable to ditions was studied only recently. Branquinho and covehicular activity on the main road crossing the Haifa workers found that the uptake of Cu (Branquinho et al., Bay from south to north, near the steel smelter. The 1997a) and Pb (Branquinho et al., 1997b ) caused a decorrelation of Cr and Ni, Cu and Ni, Zn and Cu, Cu crease of the potential quantum yield. Using this criteand Mn, and Zn and Ni could be related to metal prorion, Usnea spp. were found to be more sensitive to cessing in the Haifa Bay, but indicates also vehicular Cu than Ramalina fastigiata. The emission of pollutants activity as a possible originator (Garty et al., 1977; Ormrod, 1984; Ward, 1989; Boonpragob and Nash, 1990) .
other than heavy metals was previously found to de-crease the potential quantum yield upon controlled fucated by the visible and infrared bands and by a decrease of the vegetation index (IR/R) were attributed to the migation experiments. The effect of SO 2 fumigation on chlorophyll fluorescence harmful effects of pollutants. A controlled experiment conducted by Cox et al. (1991) revealed that lichens revealed that the change in rapid induction kinetics of chlorophyll fluorescence after fumigation inexposed to Cu concentrations Ͼ20 g g Ϫ1 exhibited a significant shift of 2 to 3% in the spectral reflectance redicated an inhibition of Photosystem II by SO 2 . Of seven lichen species fumigated with ozone, Scheidegger and sponse. Based on the number of sites in which each of the Schroeter (1995) detected five species undergoing a significant reduction of the potential quantum yield, indiphysiological parameters exhibited a significant deviation from the "normal" status, it appears that in the cating severe stress on Photosystem II due to ozone.
To the best of our knowledge, only a few field studies specific area investigated in this study, which includes a large unpolluted part and another polluted part, the applied the chlorophyll a fluorescence parameter to estimate the degree of stress by air pollutants in lichens. A most sensitive parameters of lichen viability were NDVI and net CO 2 fixation rate per g dry wt. (Pw). The least study of the potential quantum yield in lichen thalli from a polluted region in Spain revealed that its values sensitive were chlorophyll integrity, expressed as the OD435 nm/OD415 nm ratio, and F v /F m . This rank acwere about the same as for control samples (Calatayud et al., 1996) . On the other hand, a study performed by cords partly with Fields (1988) , who listed the order of sensitivity of lichen physiological response to fumigaNiewiadomska et al. (1998) on the effect of different levels of air pollution on the photosynthetic activity of tion. According to this review, the parameter of the pigment status is not sensitive enough to assess the vitallichens found significantly lowered fluorescence parameters in four lichen species from the more polluted sites.
ity of lichens exposed to pollutants, as fumigation with high concentrations of certain gaseous pollutants was The authors concluded that measurements of chlorophyll reveal the very early signs of a decreased photosynrequired to induce chlorophyll degradation. Fields (1988) listed the order of sensitivity of lichen response thetic capacity caused by air pollution.
Different procedures were applied to calculate the to fumigation as follows: N 2 fixation Ͼ K ϩ efflux-total electrolyte leakage Ͼ photosynthesis, respiration Ͼ pigrate of net photosynthesis (NP) in lichens. The most common procedure relates the fixation of CO 2 to the ment status. In the present study, the order of sensitivity of physiological response under field conditions was: dry weight of the thallus (e.g., Lange et al., 1977; Kappen, 1985; Sanz et al., 1992; Tretiach and Carpanelli, NDVI Ͼ net CO 2 fixation (Pw, Pchl) Ͼ F v /F m , chlorophyll content, and integrity. 1992; Green et al., 1997). Other procedures relate CO 2 fixation to thallus surface (e.g., Leisner et al., 1997;  As a nondestructive method, NDVI demonstrates the possibility to detect pollutant-induced stress in lichens Lange et al., 1999) or to the amount of chlorophyll (e.g., Wessels and Kappen, 1994; Zotz et al., 1998) . Most of by heavy metals and other substances. It appears that this parameter enables the detection of early signs of the studies using NP values, based on per-area or perchlorophyll units, deal with lichens in nonpolluted areas.
pollutant-induced stress before changes in other physiological parameters become measurable. The present results show that the lowest NP values, calculated on a dry weight basis, obtained for lichens However, an assessment of the relative sensitivity of physiological parameters appears to be applicable to from Sites 6 and 8, appear to be linked to severe chlorophyll degradation. different study areas with varying levels of pollution. The impairment of other components of the photosynthetic systems is indicated by low NP values, calcu-ACKNOWLEDGMENTS lated per chlorophyll unit and low quantum yield, in certain extent with previous studies testing the possible linkage of elemental content with NDVI. These studies REFERENCES indicated an inverse correlation of NDVI and S followAlebic-Juretic, A., and M. Arko-Pijevac. 1989. Air pollution damage ing 100 d of exposure ; NDVI and to cell membranes in lichens-Results of simple biological test Al, Cr, Fe, Ni, Sulfate S, Ti, and V following 10 mo of applied in Rijeka, exposure (Garty et al., 1997b) ; NDVI and Ni, S, and V Asrar, G., M. Fuchs, E.T. Kanemasu, and J. L. Hatfield. 1984 . Estimating absorbed photosynthetic radiation and leaf area index from following 11 mo of exposure (Garty et al., 1997c) ; and spectral reflectance in wheat. Agron. J. 76:300-306.
NDVI and Mn, Ni, Pb, and Sulfate S following 10 mo Baddeley, M.S., B.W. Ferry, and E.J. Finegan. 1972 . The effect of of exposure (Garty et al., 1997d by means of infrared color photography digitization and Boonpragob, K., and T.H. Nash III. 1990 . Seasonal variation on elemental status in the lichen Ramalina menziesii Tayl. from two sites data processing. Changes in the spectral response indi-
